Dihydroartemisinin-piperaquine is a fixed-dose artemisinin-based combination treatment. Some antimalarials have altered pharmacokinetics in pregnancy. Pregnant women in the 2nd or 3rd trimester and matched nonpregnant women with uncomplicated falciparum malaria were treated with a total of 6.4 mg/kg of body weight dihydroartemisinin and 51.2 mg/kg piperaquine once daily for 3 days. Venous blood samples were drawn at prespecified time points over 9 weeks. Plasma dihydroartemisinin and piperaquine concentrations were analyzed by liquid chromatography-mass spectrometry. Piperaquine and dihydroartemisinin pharmacokinetics were well described. There were no significant differences in total piperaquine exposure (P ‫؍‬ 0.80) or drug exposure during the terminal elimination phase (72 h to infinity) (P ‫؍‬ 0.64) between the two groups. The apparent volume of distribution of piperaquine was significantly smaller (602 liters/kg versus 877 liters/kg) in pregnant women than in nonpregnant women (P ‫؍‬ 0.0057), and the terminal elimination half-life was significantly shorter (17.8 days versus 25.6 days; P ‫؍‬ 0.0023). Dihydroartemisinin exposure after the first dose was significantly lower (844 h ؋ ng/ml versus 1,220 h ؋ ng/ml, P ‫؍‬ 0.0021) in pregnant women, but there were no significant differences in total dihydroartemisinin exposure or maximum concentrations between the two groups. There were no significant differences in any pharmacokinetic parameters between the second and third trimester. These results obtained through noncompartmental analysis suggest that in the treatment of falciparum malaria, there are no clinically important differences in the pharmacokinetics of dihydroartemisinin or piperaquine between pregnant and nonpregnant women. However, a more detailed analysis using population pharmacokinetic modeling is needed to fully investigate the differences found for some of the pharmacokinetic parameters, such as the terminal half-life.
In the eastern and western border areas of Thailand, Plasmodium falciparum has developed resistance to almost every antimalarial drug (5) . This poses particular problems for the treatment of pregnant women, a group especially vulnerable to P. falciparum infections. The World Health Organization (WHO) recommends the use of artemisinin combination therapy (ACT) (short-course, 3-day treatments) in the second and third trimester of pregnancy (37) . However, pregnant women often have lower antimalarial blood concentrations than nonpregnant women and are therefore at risk of undertreatment (13-16, 34, 36) . Dihydroartemisinin-piperaquine (DHA-PPQ) is one of the most promising ACTs. It is a coformulation of dihydroartemisinin and piperaquine. Randomized clinical trials in Asia, Africa, and South America indicate excellent tolerability and high cure rates in nonpregnant populations (2-4, 8, 25, 31, 35, 38) . Recently, DHA-PPQ was found to be well tolerated and effective in the treatment of multiple recrudescent P. falciparum infections in 50 pregnant women in Thailand (27) and in 104 pregnant women with uncomplicated P. falciparum and Plasmodium vivax infections in West Papua, Indonesia (24) . Pharmacokinetic studies, including population pharmacokinetics of PPQ, have been reported in adults and children (10, 20, 21, 25, 29, 32, 33) but not in pregnant women. Plasma concentrations of the artemisinin derivatives artesunate or artemether and their common active metabolite DHA are reported to be low in pregnancy (14, 15, 17, 23) , but this has not been studied for DHA-PPQ. In this study, we compared the pharmacokinetic parameters of DHA and PPQ in the treatment of uncomplicated P. falciparum malaria in pregnant and matched nonpregnant women living on the western border of Thailand.
MATERIALS AND METHODS
Antenatal clinics. The study was carried out in the WangPha clinic of the Shoklo Malaria Research Unit (SMRU). This clinic is based on the western border of Thailand where malaria transmission is low and seasonal; P. falciparum and P. vivax are the predominant species. All pregnant women routinely have a dating ultrasound scan at their first antenatal clinic (ANC) attendance (26) and are invited to attend the frequent (weekly) screening program to detect and treat all malaria episodes (22) and prevent maternal mortality (28) . Women receive ferrous sulfate and folic acid supplements from the first ANC consultation until delivery. If they become anemic, treatment doses are provided. Women were encouraged to deliver under the supervision of trained Karen midwives, certified in Advanced Life Support Obstetrics (ALSO) procedures and supervised by doctors. Birth weights were measured on a Seca digital scale with a precision of Ϯ10 g, and infant length and head and arm circumference were measured with a Seca measuring tape (28) . Nonpregnant women consulted the outpatient department in the same clinic. Matching. Pregnant women with a viable singleton pregnancy in the second or third trimester with P. falciparum monoinfection or mixed (P. falciparum and P. vivax) infection, a field-sample hematocrit of more than 25%, and no signs of severe malaria were eligible for inclusion. Every pregnant woman was matched prospectively to a nonpregnant woman (confirmed by urine test) presenting with falciparum malaria by age, parasitemia, smoking, raised measured temperature (Ն37.5°C) on admission, and history of fever in the last 2 days. Before enrolment, the purpose of the study was explained in the patient's own language and written consent was obtained (by thumb print if she was unable to read or write). A full medical history and physical examination were carried out, and baseline blood samples were taken.
DHA-PPQ dosing regimen. The patients were treated with a total dose of 6.4 mg/kg of body weight DHA and 51.2 mg/kg PPQ (one DHA-PPQ tablet contained 40/320 mg of DHA/PPQ; Holleypharm, People's Republic of China). The combination was given with water every 24 h, i.e., at 0, 24, and 48 h, under direct observation. The amount of tablets was calculated from the actual weight of the (pregnant) woman, and the tablets were divided to the nearest quarter.
Sampling regimen. Blood samples (2 ml) were obtained from a catheter inserted in a vein and were taken into 1-ml lithium heparin tubes (for PPQ) and 1-ml prechilled sodium fluoride-potassium oxalate tubes (for DHA) at baseline (before the first dose) and at hours 0.5, 1.5, 4, 8 (before the 2nd dose), 24.5, 25.5, 28, and 32 (before the third dose), and 48.25, 48.5, 49, 50, 51, 52, 54, 56, 60, and 72. The catheter was removed, and additional samples were taken for PPQ by venous puncture at days 5, 7, 14, 21, 28, 35, 42, 49, 56, 63, 77 , and 84. Wholeblood samples for PPQ drug concentrations were centrifuged at room temperature at 1,500 to 2,000 ϫ g for 10 min to obtain plasma. Immediately after centrifugation, the plasma was transferred into a screw-cap cryovial and frozen at Ϫ20°C in a laboratory freezer. Within 2 months the frozen plasma samples were transferred to a Ϫ80°C freezer. Blood samples for DHA analysis were placed on wet ice and processed immediately after collection. Whole blood was centrifuged at 4°C at 2,000 ϫ g for 7 min to obtain plasma, transferred into a screw-cap cryovial, and frozen in liquid nitrogen. The sampling and storage times were recorded, and a note made in the case of visible hemolysis. All samples were analyzed at the Clinical Pharmacology Laboratory, MORU, Bangkok, Thailand. Plasma DHA and PPQ concentrations were analyzed by liquid chromatographymass spectrometry (LC-MS).
Pharmacokinetic analysis. Individual concentration-time data were evaluated using a noncompartmental analysis approach in WinNonlin version 5.3 (Pharsight Corporation, CA). Total exposure up to the last measured concentration (AUC 0-last ) was calculated using the linear trapezoidal method for ascending concentrations and the logarithmic trapezoidal method for descending concentrations. Drug exposure was extrapolated from the last observed concentration to time infinity by C last / Z for each individual subject to compute total drug exposure (AUC 0-ϱ ). The terminal elimination half-life (t 1/2 ) was estimated by loglinear regression of at least three observed concentrations in the terminal elimination phase. Maximum concentration (C max ) and time to maximum concentration (T max ) were taken directly from the observed data. Apparent volume of distribution (V Z /F) and oral clearance (CL/F) were computed individually according to standard procedures.
Observed DHA and PPQ exposure, T max , and C max were computed after every dose. Residual PPQ exposure from doses one and two could not be accurately subtracted from the PPQ exposure of the last dose because of its multicompartment pharmacokinetics and a long terminal elimination half-life. Therefore, the total dose of PPQ base (i.e., the sum of the three doses) was used as the input dose together with all observed concentration-time data in the noncompartmental analysis of PPQ to compute pharmacokinetic parameters. DHA has a short terminal elimination half-life, and dense samples suitable for noncompartmental analysis were collected after the last dose. Therefore, observed concentrationtime data from the last dose was used in the noncompartmental analysis of DHA to compute pharmacokinetic parameters.
Statistical analysis. Data were described using the statistical program SPSS for Windows version 18 (Predictive Analytics SoftWare, United States) and EpiInfo (Centers for Disease Control and Prevention). Continuous data were compared by Student's t test or the Mann-Whitney U test. Treatment efficacy was compared by Kaplan-Meier survival analysis.
Efficacy and safety assessment. At enrolment, a full medical history and physical examination were carried out by a physician and a midwife. The gestational age of the pregnancy and fetal viability were confirmed by ultrasound. Complete blood count (CBC), parasite count, and biochemistry were measured on admission and at day 14. On each of the first 5 days of the study, patients had a clinical and parasitological evaluation. Daily malaria smears were made for assessment of parasite clearance. Adverse effects were evaluated daily until day 5 and weekly thereafter until 6 weeks. Parasitological follow up was continued for 9 weeks (63 days) in total or, in pregnant women, until delivery, whichever occurred later. Reappearance of P. vivax parasites was treated with chloroquine (25 mg base/kg total dose; Government Pharmaceutical Organization, Thailand). In the case of reappearance of P. falciparum parasites, a PCR blood spot sample was obtained, and pregnant women were treated with artesunate (2 mg/kg/day for 7 days; Guilin, People's Republic of China) and clindamycin (300 mg three times daily for 7 days; Siam Pharmaceutical Company Ltd., Bangkok, Thailand) and nonpregnant women with artesunate (4 mg/kg/day for 3 days) and mefloquine (25 mg base/kg in two divided doses; Mephaquine, Atlantic Laboratories Corp. Ltd., Bangkok, Thailand). Each newborn was examined by a trained physician for the presence of congenital abnormalities. Mothers and their babies were invited for follow-up visits to check growth and for malaria infection and to provide care if needed.
RESULTS
From June to December 2008, 25 pregnant women and 24 matched nonpregnant women with acute P. falciparum (with or without P. vivax) malaria consented to participate in the study. One pregnant woman vomited the drug within 1 h of the first dose and was excluded from further analysis and replaced by another pregnant woman (Table 1 ). There were 13 women in the second and 11 women in the third trimester. Twenty-seven women (11 pregnant and 16 nonpregnant) reported taking paracetamol before enrolment; two of them also reported selftreatment with antimalarials (chloroquine and primaquine), whereas two others took unknown medicines in a small packet (yaa-chud) (19) . Pregnant women received a higher dose of DHA-PPQ than nonpregnant women (P ϭ 0.034); the median (range) total doses of DHA were 6.7 (6.1 to 7.3) versus 6.3 (6.0 to 7.3) mg/kg and of PPQ were 53.3 (49.0 to 58.5) versus 50.3 (48.0 to 58.5) mg/kg for pregnant women and nonpregnant women, respectively. The median (range) time between the last meal and the treatment was 150 (6 to 591) minutes and did not differ between the groups. Pharmacokinetics. In this study, PPQ and DHA pharmacokinetics were well described in pregnant and nonpregnant women with malaria (Tables 2 and 3 ; Fig. 1 and 2) .
Piperaquine pharmacokinetics. There were no significant differences in total PPQ exposure (P ϭ 0.80) ( Table 2) or drug exposure during the terminal elimination phase (72 h to infinity) between pregnant and nonpregnant women; the median (range) AUC 72-ϱ was 19,900 (9,180 to 33,900) h ϫ ng/ml versus 19,400 (1,930 to 50,500) h ϫ ng/ml (P ϭ 0.64), respectively. There were no significant differences (P Ͼ 0.05) in any pharmacokinetic parameters between the second and third trimester. There were higher PPQ concentrations at day 7 (P ϭ 0.041) in pregnant women than in nonpregnant women, but this difference disappeared 1 week later, resulting in no significant differences in PPQ concentrations at day 14 or day 28 (P ϭ 0.29 and P ϭ 0.64, respectively). However, when the PPQ concentration was normalized for the actual dose/weight received, there was no difference (P Ͼ 0.15) in median day 7 (or day 14 or 28) concentrations. The PPQ concentration at day 7 and total PPQ exposure were well correlated (data not shown). The apparent volumes of distribution of PPQ were significantly smaller in pregnant women than in nonpregnant women (P ϭ , observed area under the plasma concentration-time curve from 24 h to 48 h (i.e., 2nd dose); AUC 48-72 , observed area under the plasma concentration-time curve from 48 h to 72 h (i.e., 3rd dose); AUC 0-last , observed area under the plasma concentration-time curve from zero time to last observed concentration; AUC 0-ϱ , predicted area under the plasma concentration time curve after the last dose from zero time to infinity; F, oral bioavailability.
b One subject in the nonpregnant group was lost after 7 days during follow-up. c P values using the two-sample Wilcoxon rank-sum (Mann-Whitney) test are given. Values in boldface are significant. a C max , maximum observed plasma concentration after dose 1, 2, and 3; CL, elimination clearance; V apparent volume of distribution; t 1/2 , terminal elimination half-life; AUC 0-24 , observed area under the plasma concentration-time curve from zero time to 24 h (i.e., 1st dose); AUC , observed area under the plasma concentration-time curve from 24 h to 48 h (i.e., 2nd dose); AUC 48-72 , observed area under the plasma concentration-time curve from 48 h to 72 h (i.e., 3rd dose); AUC 0-ϱ , predicted area under the plasma concentration time curve after the last dose from zero time to infinity; F, oral bioavailability.
b P values are given using the Two-sample Wilcoxon rank-sum (Mann-Whitney) test. Values in boldface are significant. 0.0057), resulting in significantly higher maximum concentrations in pregnant women than in nonpregnant women after the first dose (P ϭ 0.027) and second dose (P ϭ 0.034) but not after the third dose (P ϭ 0.15) ( Table 2 ). This decrease in apparent volume of distribution was associated with a significantly shorter terminal elimination half-life of PPQ in pregnant women than in nonpregnant women (P ϭ 0.0023). Pregnant women had increased 24-h PPQ exposures after the first dose (P ϭ 0.0083), the second dose (P ϭ 0.035), and the third dose (P ϭ 0.027) compared to nonpregnant women. Despite receiving a normal dose (30.6 mg/kg), one nonpregnant patient had a very high elimination clearance (CL/F of 11.1 liters/hr/ kg) and apparent volume of distribution (V Z /F of 1,840 liters/ kg) of PPQ with a substantially shorter terminal elimination half-life (4.8 days) than the rest of the women in this study (Fig.  2) . No altered pharmacokinetic properties of DHA could be seen for this patient. It is likely that this woman had impaired absorption of the lipophilic PPQ. This woman presented with a recrudescence at day 21, presumably as a direct result of the very low PPQ exposure after DHA had cleared the majority of malaria parasites.
Dihydroartemisinin pharmacokinetics. There were no significant differences in total DHA exposure or C max (P Ͼ 0.05) between the two groups. DHA exposure after the first dose was significantly lower (844 h ϫ ng/ml versus 1,220 h ϫ ng/ml, P ϭ 0.0021) in pregnant women than in nonpregnant women ( Table 3 ). No other significant differences in the pharmacokinetic properties (i.e., clearance or apparent volume of distribution) of dihydroartemisinin could be seen in pregnant women than in nonpregnant women. There were no significant differences (P Ͼ 0.05) in any pharmacokinetic parameters between the second and third trimester. There was a trend toward higher elimination clearance in pregnant women than in nonpregnant women, but this difference did not reach statistical significance (P ϭ 0.12). The high interindividual variability for this drug might mask differences when using noncompartmental analysis. No indication of DHA autoinduction (7) could be seen in these data with comparable DHA exposure and maximum concentrations after all three doses. However, the sampling was not identical after all doses and this might mask a small difference between doses. Efficacy and adverse effects. Using Kaplan-Meier survival analysis, the nonadjusted cure rate (95% confidence interval [CI]) by day 63 for any recurrence (P. falciparum or P. vivax) was 45.8% (25.8 to 65.8) for pregnant women and 55.4% (34.8 to 76.0) for nonpregnant women, P ϭ 0.48. Of the recurrent infections in pregnant women, 77% were P. vivax (10/13), with a median (range) time to the next P. falciparum or P. vivax infection of 70 (31 to 180) days or 56 (28 to 77) days, respectively. The P. falciparum PCR-adjusted cure rate (95% CI) by day 63 was 95.7% (87.3 Ϫ100) for both pregnant and nonpregnant women; there was one recrudescent infection at day 31 and one at day 21, respectively. The individual plasma concentrations of DHA and of PPQ for these two women are shown in Fig. 2 .
There were no suspected drug-related serious adverse events. All adverse events were mild; the most common reported events by day 42 were abdominal pain (32%), palpitations (37%), dizziness (38%), sleep problems (38%), and headache (48%), and these were not significantly different between the two groups. No woman developed severe malaria. The parasite and fever clearance times were rapid (median [range], 2 [1 to 4] days and 1 [1 to 2] day, respectively), with no significant difference between the groups. There were no clinically significant abnormalities in biochemistry and hematology results. Pregnancy outcome. Two women left the study area before delivery. The remaining 22 women delivered live, normal, singleton babies. All placentas were malaria smear negative. Two mothers did not come back after delivery for baby follow-up after delivery. Of the remaining 20 babies, all completed 1 month of follow-up and there were no neonatal deaths.
DISCUSSION
DHA-PPQ is an important ACT and a promising candidate drug for interventions to reduce malaria in pregnancy. In this study, the pharmacokinetic properties were evaluated using a noncompartmental analysis approach, and the results suggest no risk of lower total drug exposure of PPQ or DHA in pregnant women treated for falciparum malaria. Unlike lumefantrine, proguanil, and atovaquone, where dose adjustments in pregnancy are recommended, the overall PPQ pharmacokinetic parameters seen in this study were comparable with previously published results in nonpregnant adults and children (6, 10, 11, 21, 29, 30, 32) . However, pregnant women tended to have a smaller PPQ volume of distribution, a shorter terminal half-life, a higher C max after the first two doses, and a higher on November 11, 2011 by guest http://aac.asm.org/ AUC during the first 72 h than nonpregnant women. As shown previously, PPQ exhibits considerable interindividual pharmacokinetic variability (32) . For PPQ, the day 7 plasma concentration may provide a useful indicator of drug exposure and a predictor of efficacy. Malaria patients with a day 7 PPQ plasma concentration below 30 ng/ml were more likely to have a recurrence in Papua, Indonesia (25) . In this study, both women (i.e., one pregnant and one nonpregnant woman) with recrudescent infections had low day 7 PPQ concentrations (24 and 6.8 ng/ml, respectively). Previous reports indicate that the absorption of PPQ is dependent on concomitant intake of fat in healthy volunteers. However, studies in malaria patients indicate no difference in total drug exposure but higher variability when given in the fasting state (1, 30) . The half-life of only 18 days in pregnant women and the low day 28 concentrations of PPQ suggest that at least monthly doses would be required when DHA-PPQ is considered for intermittent preventive treatment in pregnancy or chemoprophylaxis. Pharmacokinetic parameter estimates (clearance and apparent volume of distribution) for DHA were slightly higher than those previously reported in nonpregnant adult patients but lower than those reported in healthy volunteers (6, 9, 12, 18, 20) . DHA exposure after the first dose was significantly lower in pregnant women; however, the differences were relatively small and may be explained by the high interindividual variability.
DHA-PPQ was safe in this small study, and there were no serious adverse events. All women cleared their parasites and fever quickly. There were no hematological or biochemical adverse events, and no baby had any congenital abnormalities. The day 63 PCR-adjusted cure rate for P. falciparum was high and similar to the rates in previous studies in nonpregnant women (38) , and it was slightly higher than observed when DHA-PPQ was used as rescue treatment in pregnancy in the same population (27) . Inferior cure rates in treating recrudescent infections in pregnant women have been reported before (16) .
In conclusion, these results obtained through noncompartmental analysis suggest that in the treatment of falciparum malaria, there are no clinically important differences in the pharmacokinetics of dihydroartemisinin or piperaquine between pregnant and nonpregnant women and dose adjustment may not be warranted. However, a more detailed analysis using population pharmacokinetic modeling is needed to fully investigate the differences found for some of the pharmacokinetic parameters, such as the terminal half-life.
